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Preface

The first description of polyamines (PAs) was presented in 1678 by Antonie van
Leeuwenhoek, known as the “Father of Microbiology”. With his improved micro-
scope, he discovered the presence of crystalline substances in human semen. In
1924, some 250 years after that initial finding, such crystals were identified as
spermine phosphate by Otto Rosenheim. Since then, many researchers have devoted
themselves to clarifying the multiple functions of PA molecules that are present in
almost all living organisms, and great progress has been made in PA research over
the last 90 years. Here, we summarize our current understanding about PAs in bac-
teria, Archaea, and eukaryotes.

This book covers almost all the basic information about PA biosynthesis, catabo-
lism, and regulatory mechanisms that maintain cellular PA levels. With the avail-
ability of genome sequence information from various organisms, it is now possible
to extensively discuss the evolution of the PA metabolic genes. The effects of PAs
on growth and survival, as well as their effects on ion channels, are also covered.
Prokaryotic transporters are summarized, and recently identified plant PA transport-
ers are also described. PA molecules are known to be precursors of secondary
metabolites, such as plant alkaloids and toxins originated from spiders and wasps,
and the functions and synthetic pathways of these specialized metabolites are also
introduced. Because how PAs contribute to longevity has recently become a hot
topic, some of the new findings in the animal and plant fields are overviewed. Also,
a positive link between cancer progression and PA contents is known, and thus the
use of PA metabolite(s) as diagnostic markers in the initial stages of cancer is intro-
duced. Lastly, a novel approach to use the PA pathway of a parasite as a drug target
in African sleeping sickness is described.
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This book therefore encompasses a broad range of PA research fields, from basic
to the applied sciences, with each chapter not only describing basic information but
also the most up-to-date knowledge currently available.

We hope readers will find this volume useful and interesting.

Sendai, Japan Tomonobu Kusano
Kyoto, Japan Hideyuki Suzuki
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Biosynthesis of Polyamines



Chapter 1
Biosynthesis of Polyamines in Eukaryotes,
Archaea, and Bacteria

Anthony J. Michael

Abstract As with all metabolic pathways, not only has polyamine biosynthesis
been subject to divergent and convergent evolution and horizontal gene transfer, but
many pathogenic and commensal organisms have abandoned the task altogether and
instead obtain polyamines from the environment. Reflecting primary metabolism in
general, polyamine biosynthesis is more diverse in Bacteria than it is in eukaryotes
and Archaea. Each of the three physiologically relevant triamines, that is, spermi-
dine, sym-homospermidine, and sym-norspermidine, can be synthesized by at least
two distinct, evolutionarily independent pathways. Synthesis of tetraamines has
evolved independently in Bacteria, Archaea, plants, yeasts, and animals. Because of
the relative ease of genomic sequencing and the ever-increasing number of com-
plete genome sequences available, it will now be easier to determine which poly-
amines are likely to be present in an organism by using genomic rather than chemical
analysis. The following chapter is a guide to the biosynthetic diversity of polyamine
formation and the evolutionary mechanisms generating that diversity.

Keywords Agmatine * Archaea  Bacteria * Carboxyspermidine ¢ Eukaryote ®
Homospermidine ¢ Norspermidine ® Polyamine ¢ Spermidine ®* Thermospermine

1.1 Introduction

Eukaryotic and archaeal cells must synthesize or take up spermidine because it has an
essential role in posttranslational modification of the translation factor IFSA, known
as hypusination (Park et al. 2010). In baker’s yeast, hypusinated eIF5A has been
shown to stimulate the peptidyl transferase activity of the ribosome and to be essen-
tial for translation of mRNAs encoding polyproline tracts (Gutierrez et al. 2013). The
analogous bacterial translation factor EF-P is also required for rapid translation of
mRNAs containing polyproline tracts (Doerfel et al. 2013; Ude et al. 2013). In con-
trast to the spermidine-dependent hypusine modification of eIF5A, the bacterial EF-P
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protein is modified by the addition of (R)-B-lysine in a posttranslational modification
known as lysinylation (Yanagisawa et al. 2010; Roy et al. 2011). Therefore, in eukary-
otes and Archaea, in contrast to Bacteria, cell growth and proliferation are absolutely
dependent on spermidine biosynthesis or its acquisition through uptake transport.

The evolutionary event that gave rise to the hypusine modification of e[F5A in
the common ancestor of Archaea and eukaryotes effectively locked life to spermi-
dine biosynthesis or uptake. Deoxyhypusine synthase, which transfers the aminobu-
tyl group of spermidine to eIF5A, is an essential gene in single-celled eukaryotes
such as Leishmania donovani (Chawla et al. 2010), Trypanosoma brucei (Nguyen
et al. 2013), and baker’s yeast (Park et al. 1998), and also in the mouse (Nishimura
et al. 2012). Bacterial life is not constrained by the need for spermidine in the modi-
fication of an essential translation factor, and bacteria may synthesize a diverse
range of polyamines, including the triamines sym-norspermidine, spermidine, and
sym-homospermidine, or none at all (Hamana and Matsuzaki 1992). There may be
other essential roles of spermidine in eukaryotic life, but it is difficult to separate the
role of spermidine in eIF5A modification from its role in other cellular processes,
although it has been shown that polyamines may affect translation initiation in a
manner different from the effect of eIFSA (Landau et al. 2010). In most animals
(metazoa), in Saccharomycotina yeasts, and in flowering plants, spermidine is a
precursor for spermine biosynthesis and for thermospermine biosynthesis in plants
(Pegg and Michael 2010).

In contrast to the essential requirement for spermidine in eukaryotic and archaeal
life, the role of polyamines in bacteria is less clear. Spermidine is essential for
planktonic growth of the gram-negative y-proteobacterium Pseudomonas aerugi-
nosa PAO1 (Nakada and Itoh 2003) and the e-proteobacterium Campylobacter
Jjejuni (Hanfrey et al. 2011), whereas the gram-positive firmicute Bacillus subtilis
does not require polyamines for normal planktonic growth (Burrell et al. 2010). In
other y-proteobacteria, polyamine depletion reduces planktonic growth rate by
approximately 40 %, for example, Yersinia pestis (Patel et al. 2006), Vibrio cholerae
(Lee et al. 2009), Salmonella typhimurium (Green et al. 2011), and Escherichia coli
(Chattopadhyay et al. 2009). Thus, there may not be a conserved core role of poly-
amines in bacterial physiology but rather a diverse range of functions dependent on
ecological and physiological context.

1.2 Polyamine Biosynthesis

The evolutionary processes shaping the formation of biosynthetic pathways include
gene duplication, gene loss, gene fusion, and horizontal and endosymbiotic gene
transfer. Complete or partial loss of polyamine biosynthesis is a prominent charac-
teristic of single-celled parasites, which have subsequently become dependent on
polyamine uptake. Examples include the loss of ornithine decarboxylase (ODC) in
Trypanosoma brucei, T. conglese, T. vivax, and T. cruzi, followed by the reacquisi-
tion of ODC by horizontal gene transfer from a vertebrate source in the African
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trypanosome lineage but not in 7. cruzi (Steglich and Schaeffer 2006). The related
Leishmania parasites did not lose the ODC gene. Genomic inspection indicates that
spermidine biosynthesis has also been lost in Giardia, Trichomonas, Toxoplasma,
Cryptosporidium, Entamoeba, and Microsporidia (unpublished results). Gene
duplication and subsequent neo-functionalization of the additional gene copy has
given rise to spermine synthase from spermidine synthase in Saccharomycotina
yeasts and flowering plants (Pegg and Michael 2010), as well as the evolution of
antizyme inhibitor from ODC (Murakami et al. 1996). Gene fusion of two bacterial
S-adenosylmethionine decarboxylase (AdoMetDC) open reading frames gave rise
to the eukaryotic AdoMetDC (Toms et al. 2004), and gene fusion of a bacterial
AdoMetDC to the N-terminus of bacterial spermidine synthase, followed by loss of
catalytic function of the AdoMetDC domain, gave rise to the metazoan spermine
synthase (Wu et al. 2008). Plant-specific acquisition of the genes for arginine decar-
boxylase (ADC), agmatine iminohydrolase (AIH), and N-carbamoylputrescine ami-
dohydrolase (NCPAH), which together produce putrescine from arginine, is an
example of endosymbiotic gene transfer from the cyanobacterial progenitor of the
chloroplast to the host nuclear genome (Illingworth et al. 2003). The following sec-
tions briefly describe polyamine biosynthesis in eukaryotes, Archaea, and Bacteria.

1.2.1 Eukaryotes

Production of spermidine from putrescine is the most conserved feature of poly-
amine biosynthesis in eukaryotic cells. However, there are alternative putrescine
biosynthetic routes, and tetraamine biosynthesis has evolved independently several
times. Except for plants, all other eukaryotes synthesize putrescine from ornithine
using ODC (Fig. 1.1), which is a head-to-tail homodimer with the active site formed
across the dimer interface (Pegg 2006). The form of ODC found in eukaryotes was
thought to be specific to eukaryotes; however, orthologues from the same structural
class are also found in bacteria, especially a-proteobacteria (Lee et al. 2007). This
finding may explain the evolutionary provenance of the eukaryotic ODC, because
the Rickettsiales order of the a-proteobacteria is thought to be the origin of the mito-
chondrion (Andersson et al. 2003). Paradoxically, extant members of the
Rickettsiales, which are intracellular pathogens, have lost the genes for polyamine
biosynthesis. An a-proteobacterial ODC gene in the mitochondrial progenitor could
have been transferred by endosymbiotic gene transfer to the host nucleus. Regulation
of ODC activity by the extraordinary antizyme—antizyme inhibitor system will be
described elsewhere in this book.

The case for endosymbiotic origin of the genes for putrescine biosynthesis from
arginine in plants (ADC, AIH, and NCPAH) via the cyanobacterial progenitor of the
chloroplast is very strong (Illingworth et al. 2003). Most plants therefore have two
pathways for putrescine biosynthesis (Fig. 1.1): from ornithine, and from arginine
(Fuell et al. 2010). Some plants, including Arabidopsis thaliana and moss, have lost
the ODC pathway to putrescine, whereas some single-celled green algae have lost
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Fig. 1.1 Putrescine biosynthetic pathways

the ADC pathway (Fuell et al. 2010). In some single-celled eukaryotes, ODC is
present in the absence of the rest of the spermidine pathway, for example,
Trichomonas vaginalis (Yarlett et al. 2000).

The pathway for conversion of putrescine to spermidine is highly conserved in
eukaryotes (Fig. 1.2). Spermidine synthase (SpdSyn) is an aminopropyl transferase
found in all three domains of life and transfers an aminopropyl group from decar-
boxylated S-adenosylmethionine (dcAdoMet) to putrescine to form spermidine (Wu
et al. 2007). Decarboxylation of AdoMet is performed by AdoMetDC, a pyruvoyl-
dependent enzyme, which was likely present in the last eukaryotic common ances-
tor. The pyruvoyl group is generated from an internal serine residue exposed by an
autocatalytic self-cleavage reaction that is stimulated by putrescine in mammalian
cells (Pegg 2009). Translation of AdoMetDC mRNA is regulated by small upstream
open reading frames encoding inhibitory peptides in both mammalian and plant cells
(Raney et al. 2002; Hanfrey et al. 2005; Ivanov et al. 2010). In Plasmodium falci-
parum, the AdoMetDC open reading frame is fused to the N-terminus of ODC to
form a bifunctional enzyme (Muller et al. 2000); a similar fusion of AdoMetDC and
ODC is found in single-celled green algal Micromonas species (Green et al. 2011).

Synthesis of tetraamines has evolved independently several times in eukaryotes.
Spermine is formed by the transfer of an aminopropyl group from dcAdoMet to
the aminobutyl side of spermidine to form a symmetrical tetraamine (Fig. 1.2).
In humans, the spermine synthase (SpmSyn) X-ray crystal structure revealed that
the enzyme is a fusion between a noncatalytic bacterial AdoMetDC-like domain at
the N-terminus and a spermidine synthase-like domain (Wu et al. 2008). The
N-terminal AdoMetDC-like domain is essential for dimer formation and enzymatic
activity although it is not catalytic and no autocatalytic self-processing occurs.
Human-type SpmSyn is found in almost all animals (Metazoa) except nematodes
and in some choanoflagellates, which are the closest single-celled relatives of
metazoa (Pegg and Michael 2010). Fusions of a functional AdoMetDC and a
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Fig. 1.2 Spermidine and spermine biosynthesis in eukaryotes

functional aminopropyl transferase are found in diverse bacterial phyla (Green et al.
2011), and it is likely that the origin of the human-like SpmSyn was the acquisition
of such a bacterial gene fusion by horizontal gene transfer in the single-celled com-
mon ancestors of animals. In contrast, the yeast SpmSyn represents a relatively
recent gene duplication of the SpdSyn gene and subsequent evolution of an altered
substrate specificity so that spermidine rather than putrescine is recognized.
The yeast-type SpmSyn is found in only a small group of yeast species, the
Saccharomycotina yeasts, which includes Candida albicans, whereas the rest of
the fungi do not possess a SpmSyn gene and do not accumulate spermine (Pegg and
Michael 2010). Similarly, the SpmSyn of flowering plants evolved independently
by gene duplication of SpdSyn and is not found in nonflowering plants (Pegg and
Michael 2010).

In contrast to the relatively recent evolution of spermine biosynthesis in plants,
synthesis of the unsymmetrical tetraamine thermospermine is found throughout
the plant lineage (Pegg and Michael 2010). Thermospermine is synthesized by
an aminopropyl transferase, thermospermine synthase (TspmSyn), that transfers an
aminopropyl group from dcAdoMet to the aminopropyl side of Spd to form an
unsymmetrical tetraamine. Not only are homologues of TspmSyn found in the plant
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lineage, but they are also present in diatoms and related phyla, probably as a result
of secondary endosymbiosis events and subsequent transfer of the TspmSyn gene
from the red algal endosymbiont to the host nucleus (Pegg and Michael 2010). In the
flowering plant Arabidopsis thaliana, genetic depletion of thermospermine results
in a severe stem growth defect (Hanzawa et al. 2000; Knott et al. 2007), whereas
spermine is dispensable for normal growth and development (Imai et al. 2004).
However, Spm is required for resistance to drought stress (Yamaguchi et al. 2007).

1.2.2 Archaea

The general configuration of polyamine biosynthesis in Archaea consists of putres-
cine production by ADC and agmatinase (agmatine ureohydrolase, AUH), and sper-
midine production by AdoMetDC and SpdSyn. However, differing from plants,
which have a pyridoxal 5’-phosphate-dependent ADC, the ADC of Archaea is a
small pyruvoyl-dependent enzyme. The euryarchaeote Methanocaldococcus jan-
naschii ADC exhibits nonhydrolytic self-cleavage at a serine—serine peptide bond in
the proenzyme to form a 5-kDa B-subunit and a 12-kDa a-subunit (Graham et al.
2002). Similarly to AdoMetDC, the pyruvoyl group formed after autocatalytic
cleavage is found at the N-terminus of the a-subunit. In contrast to the euryarchaeo-
tal ADC, the crenarchaeon Sulfolobus solfataricus possesses an ADC that is homol-
ogous to the archaeal AdoMetDC and has arisen by gene duplication of AdoMetDC
early on in crenarchaeal evolution (Giles and Graham 2008). Change of substrate
specificity from AdoMet to arginine appears to be determined by the N-terminal
domain. The AUH of Pyrococcus horikoshii is similar to bacterial orthologues and
is dependent on Co?*, Ca**, or Mn** (Goda et al. 2005); however, the AUH of M.
Jjannaschii is Fe** dependent (Miller et al. 2012). Although the AdoMetDC of
Archaea (Kim et al. 2000) is similar to the typical bacterial AdoMetDC exemplified
by the Thermotoga martima enzyme (Toms et al. 2004), the aminopropyl transfer-
ase of both Crenarchaeota and Euryarchaeota appears to be an agmatine aminopro-
pyl transferase producing aminopropyl agmatine (Cacciapuoti et al. 2007; Morimoto
et al. 2010), suggesting that the archaeal AUH enzymes that have been character-
ized may be aminopropyl agmatine ureohydrolases rather than agmatine ureohydro-
lases. Production of long-chain and branched polyamines from thermophilic
Archaea is covered elsewhere in this book. An important gap in our knowledge of
polyamine biosynthesis in Archaea is the formation of sym-norspermidine. Although
it has been shown that the spermidine biosynthetic pathway aminopropyl transfer-
ase of Sulfolobus solfataricus can use 1,3-diaminopropane as a substrate to produce
norspermidine, we still do not know how 1,3-diaminopropane is produced in
Archaea outside the Halobacteria. Within the Halobacteria, 2,4-diaminobutyrate
aminotransferase (DABA AT) and 2,4-diaminobutyrate decarboxylase (DABA
DC), which together synthesize 1,3-diaminopropane from aspartate p-semialdehyde
(Lee et al. 2009), are present in gene clusters, probably expressing schizokinin-like
siderophore biosynthetic enzymes (Burrell et al. 2012) that have been acquired from
bacteria by horizontal gene transfer. One possible source of 1,3-diaminopropane in
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Archaea outside the Halobacteria could be the oxidation of spermidine to give
1,3-diaminopropane and 4-aminobutyraldehyde, although such an activity has not
been reported in Archaea.

1.2.3 Bacteria

Bacteria vary in the types of polyamine they produce, and they can use different
biosynthetic pathways to produce the same polyamine (Fig. 1.3), and the same path-
way to produce different polyamines. More prominently than in eukaryotes and
Archaea, polyamine biosynthesis in bacteria is highly modular, with conspicuous
horizontal transfer of not only biosynthetic modules via transfer of operons but also
transfer of individual genes from within modules. As a consequence, polyamine
biosynthetic pathways are configured in multiple different ways in different bacte-
ria. Usually, bacteria produce a diamine and triamine; however, some bacteria pro-
duce longer-chain polyamines, some produce only diamines, and others, especially
commensals and pathogens, do not produce any polyamines (Hamana and Matsuzaki
1992). Synthesis of spermidine is phylogenetically more widely distributed than the
synthesis of sym-homospermidine, whereas sym-norspermidine synthesis has a
much narrower distribution, being confined mainly to the Vibrionales in the
y-Proteobacteria and in some hyperthermophilic bacteria. Known bacterial path-
ways for the production of spermidine and sym-homospermidine are shown in
Fig. 1.3. Synthesis of sym-norspermidine has been described completely only for
Vibrio cholerae, but individual enzymes for its biosynthesis have been described in
other y-Proteobacteria (Lee et al. 2009). Similar enzymes produce sym-
norspermidine from 1,3-diaminopropane in species such as V. cholerae, and spermi-
dine from putrescine in considerably more species, that is, carboxy(nor)spermidine
dehydrogenase (CANSDH/CASDH) and carboxy(nor)spermidine decarboxylase
(CANSDC/CASDC). In V. cholerae, CANSDH and CANSDC synthesize sym-nor-
spermidine from 1,3-diaminopropane, although the same enzymes can synthesize
spermidine from putrescine in the same strain (Lee et al. 2009). Similarly, CASDH
and CASDC synthesize spermidine from putrescine in the e-proteobacterium
Campylobacter jejuni, but this species does not synthesize 1,3-diaminopropane
(Hanfrey et al. 2011). No X-ray crystal structure is available for CANSDH; how-
ever, it does exhibit some homology with the homospermidine synthase enzyme
(Shaw et al. 2010). The crystal structure of C. jejuni CASDC shows that it is closely
related to meso-diaminopimelate decarboxylase (the last step in lysine biosynthe-
sis), biosynthetic ADC and ODC of the alanine racemase-fold, bifunctional ODC/
lysine decarboxylase, and eukaryotic antizyme inhibitor (Deng et al. 2010).
Spermidine is also synthesized from putrescine by the well-known AdoMetDC/
SpdSyn route in many bacteria, and this pathway is entirely distinct from the CASDH/
CASDC pathway. Three known classes of AdoMetDC are found in bacteria: a Mg?*-
dependent, class IA form typified by the Escherichia coli AdoMetDC, a Mg>*-
independent class IB form typical of Bacillus subtilis and Thermotoga maritima
(Toms et al. 2004), and a class II form, regarded as the eukaryotic form but found
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also in many Shewanella species (e.g., YP_563282 from Shewanella denitrificans
0S217), where it was probably acquired once by horizontal gene transfer from a
eukaryotic source followed by vertical inheritance within the Shewanella genus
(unpublished observations). Although most aminopropyl transferases in bacteria are
likely to be spermidine synthases, some species such as Thermus thermophilus pos-
sess an agmatine aminopropyl transferase (Ohnuma et al. 2011). The long-chain
polyamines produced by T. thermophilus are discussed in another chapter. Spermine
is found in a surprisingly wide group of bacteria, but no specific spermine synthase
has been reported (Pegg and Michael 2010). Often the AdoMetDC and SpdSyn
genes are found as an operon/gene cluster, which has given rise episodically to func-
tional AdoMetDC—-aminopropyl transferase gene fusions in a phylogenetically wide
range of bacteria (Green et al. 2011). Synthesis of polyamines by the AdoMetDC/
SpdSyn route is expensive because of the consumption of AdoMet. A methionine
salvage pathway operates in many Bacteria, Archaea, and eukaryotes to retrieve the
methionine component of the SpdSyn co-product 5’-methylthioadenosine (Albers
2009). It is possible that the selection of aspartate $-semialdehyde over AdoMet for
spermidine biosynthesis in many bacteria is influenced by the metabolic cost of
AdoMet consumption.

An important fact for understanding the role of triamine polyamines in bacterial
physiology is that many bacteria from diverse phyla produce only sym-
homospermidine and not spermidine (Hamana and Matsuzaki 1992; Shaw et al.
2010). Therefore, any conserved role of triamines in bacteria cannot be dependent
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on their exact structure, that is, symmetry and length. The corollary of this argument
is that there may be no conserved role of polyamines in Bacteria, even in related
species. Two pathways are present for sym-homospermidine synthesis from putres-
cine in Bacteria (Fig. 1.3): the enzyme homospermidine synthase (Tholl et al. 1996)
is found predominantly in the a-Proteobacteria; and a deoxyhypusine synthase-like
homospermidine synthase is found in a more diverse range of phyla (Shaw et al.
2010). Support for the role of the deoxyhypusine synthase-like enzyme in bacterial
sym-homospermidine biosynthesis remains correlative.

The role of diamines in bacterial physiology is wider than simply to provide the
precursor for sym-norspermidine, spermidine, and sym-homospermidine biosynthe-
sis. Many iron-binding siderophore molecules are based on 1,3-diaminopropane,
putrescine, or cadaverine structural backbones, such as schizokinen, acinetoferrin,
putrebactin, rhizoferrin, arthrobactin, and desferroxiamines (Burrell et al. 2012).
The diamines provide only a structural role in these molecules and do not partici-
pate directly in iron binding. Particularly in the case of the 1,3-diaminopropane- and
cadaverine-based siderophores, the diamine biosynthetic genes are located within
the siderophore biosynthetic gene cluster. Synthesis of 1,3-diaminopropane by
DABA AT and DABA DC as a precursor to sym-norspermidine formation is limited
mainly to the Vibrionales, where the two genes are fused to produce a fusion pro-
tein. Some species such as the y-proteobacterium Acinetobacter baumannii synthe-
size 1,3-diaminopropane as their sole polyamine, and in the case of A. baumannii,
synthesis of 1,3-diaminopropane is essential for surface-associated motility, which
is a common trait of clinical isolates (Skiebe et al. 2012). Two molecules of
1,3-diaminopropane are present in the A. baumannii siderophore acinetoferrin
(Okujo et al. 1994). Cadaverine is not a precursor for triamine synthesis except in a
few rare cases, and it is debatable whether N-aminopropyl cadaverine is physiologi-
cally relevant. The lysine decarboxylase that forms cadaverine from lysine has
evolved independently three times from different protein folds: once from the ala-
nine racemase-fold (Lee et al. 2007), and twice from the aspartate aminotransferase-
fold (Kanjee et al. 2011; Burrell et al. 2012). Thus, lysine decarboxylation has
evolved by both convergent and pseudoconvergent evolution, that is, from different
protein folds, and independently within the same protein fold.

Putrescine is the predominant precursor for triamine biosynthesis in bacteria and
can be synthesized directly from ornithine or indirectly from arginine (Fig. 1.1).
There are two known forms of ODC, one derived from the aspartate aminotransfer-
ase fold, exemplified by the biosynthetic ODC (SpeC) of E. coli; and another form
homologous to the eukaryotic ODC, derived from the alanine racemase fold (Lee
et al. 2007), which includes bifunctional ODC/lysine decarboxylase enzymes. In
bacteria, ADC proteins can be found from at least three different folds (Burrell et al.
2010), revealing the convergent evolutionary pressure for arginine decarboxylation
and polyamine biosynthesis. The product of ADC, agmatine, can be converted
directly into putrescine via the activity of AUH (agmatinase), which is homologous
to arginase (Ahn et al. 2004). Alternatively, agmatine deiminase and NCPAH pro-
duce putrescine from agmatine via N-carbamoylputrescine (Nakada and Itoh 2003),
as found also in plant putrescine biosynthesis (Fig. 1.1).
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1.3 Future Perspectives

Primary polyamine biosynthesis is not well understood in several phyla of Bacteria,
most notably the Actinobacteria. An interesting area where the role for polyamine
biosynthesis is not understood is in bacteriophages and viruses. In some viruses,
such as the chloroviruses, an entire pathway for sym-homospermidine is present
(Baumann et al. 2007), whereas in some bacteriophages individual genes such as
functional homospermidine synthase can be found (Shaw et al. 2010). A nontrivial
task for understanding the roles of polyamines in cellular physiology in the three
domains of life, and also in viral and phage biology, will be to construct an atlas of
polyamine biosynthetic pathways so that any new genome sequence can be easily
interrogated to determine how polyamines are made by that organism. This work
will be a prelude to the task of determining what polyamines do.
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Chapter 2
Long-Chain and Branched Polyamines
in Thermophilic Microbes

Wakao Fukuda, Ryota Hidese, and Shinsuke Fujiwara

Abstract Long-chain  and/or  branched  polyamines such as  N*-
aminopropylspermidine [3(3)4] (abbreviation for the number of methylene CH,
chain units between NH,, NH, N, or N*), N*-bis(aminopropyl)spermidine [3(3)
(3)4], and tetrakis(3-aminopropyl)ammonium [3(3)(3)3] are polycations of biotic
origin that are only found in thermophiles. The thermophilic bacterium Thermus
thermophilus and the hyperthermophilic archaeon Thermococcus kodakarensis
synthesize a polyamine, spermidine, via conversion of arginine to agmatine
(a step catalyzed by arginine decarboxylase), aminopropylation of agmatine to
N'-aminopropylagmatine (catalyzed by aminopropyl transferase), and hydrolysis of
N'-aminopropylagmatine to spermidine by N!-aminopropylagmatine ureohydro-
lase. It is noteworthy that thermophiles synthesize spermidine without producing
putrescine as an intermediate. Spermidine can be modified to produce further poly-
amides such as N*-aminopropylspermidine [3(3)4] and then N*-bis(aminopropyl)
spermidine by an enzyme coded by the TK1691 gene in T. kodakarensis. TK1691
and its orthologues are found in (hyper)thermophilic Archaea and Bacteria, but not
in mesophilic Bacteria. TK1691 is a recently characterized aminopropyl transferase
involved in the synthesis of branched polyamines, which are essential for the stabi-
lization and structural protection of nucleic acids and which enhance polypeptide
synthesis at high temperature.
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2.1 Introduction

Thermophilic microorganisms grow optimally above 45 °C and therefore inhabit
high-temperature environments on the Earth such as hot springs, terrestrial solfatara,
deep-sea hydrothermal vents, and composting organic matter. Those that grow opti-
mally above 80 °C, known as hyperthermophiles (Stetter 1996), are all members of
Archaea or Bacteria domains, which are positioned near the root of the phylogenetic
tree (Fig. 2.1). This staging has led to speculation that the most ancient life forms
were hyperthermophiles, although conclusive evidence to support this hypothesis is
still lacking. Thermophiles are associated with specific molecular and metabolic
traits such as (thermo)stable proteins (including chaperones) and physiologically
active substances, as well as unique biosynthetic and other biochemical pathways
that enable cellular function at high temperatures (Sato and Atomi 2011).
Hyperthermophiles also produce a number of long-chain and branched polyamines.

2.2 Importance of Long-Chain and Branched Polyamines
in Thermophilic Species

Polyamines have two or more primary amines, are polycationic, and are found in
various organisms. Those such as putrescine, spermidine, and spermine are com-
mon to the cells of many phylogenetic groups. By contrast, polyamines such as
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cadaverine, norspermidine, homospermidine, and norspermine are confined to a
small number of microbial taxa (Hamana and Matsuzaki 1985, 1992). Moreover,
(hyper)thermophilic Archaea and Bacteria possess long-chain and branched-chain
polyamines, which are especially important for cell growth of thermophiles at high
temperature (see also Chap. 12). Quaternary branched penta-amines such as N*-bis
(aminopropyl)spermidine [3(3)(3)4] and isomers of N*-bis(aminopropyl)spermi-
dine, N*-aminopropylspermine [3(3)43], and N*-aminopropylspermidine [3(3)4]
have been identified in various thermophiles. Long-chain and branched polyamines
stabilize and protect nucleic acids and activate cell-free polypeptide synthesis at
high temperature (Uzawa et al. 1993; Terui et al. 2005); for an in vitro process
observed in cell extracts and for further details of the roles of polyamines in thermo-
philes, see Chap. 12.

The quantity of long-chain and branched polyamines in the cells of hyperther-
mophiles increases at high growth temperatures. For instance, cells of Thermococcus
kodakarensis contain high levels of spermidine at 60 °C. The level of branched
polyamines increases at high temperatures (Morimoto et al. 2010; Okada et al.
2014). Moreover, thermophiles that have lost the ability to produce long-chain and
branched polyamines [as the result of gene disruption(s)] cannot grow at high tem-
peratures (Ohnuma et al. 2005; Morimoto et al. 2010). Collectively, these results
indicate a key role for long-chain and branched polyamines in cellular tolerance to
high temperature.

2.3 Polyamine Biosynthesis in Thermophiles

Polyamines are synthesized from amino acids such as arginine, ornithine, lysine,
and methionine (Rhee et al. 2007). In most eukaryotes, putrescine and cadaverine
are synthesized directly from ornithine and lysine by ornithine decarboxylase
and lysine decarboxylase, respectively (Wallace et al. 2003; Schneider and
Wendisch 2011). Putrescine biosynthesis pathways in plants and some bacteria
synthesize putrescine from arginine via agmatine (Tabor and Tabor 1985; Imai
et al. 2004; Yang and Lu 2007). In this pathway, agmatine is synthesized by argi-
nine decarboxylase, and agmatine is converted to putrescine either by agmatine
ureohydrolase (agmatinase) or a combination of agmatine iminohydrolase and
N-carbamoylputrescine amidohydrolase (pathway I; Fig. 2.2e). Longer polyamines,
such as spermidine and spermine, are produced by addition of an aminopropyl
group from decarboxylated S-adenosyl methionine (dcSAM). However the thermo-
philic bacterium Thermus thermophilus and the hyperthermophilic archaeon
T. kodakarensis possess a distinct polyamine biosynthetic pathway (pathway II;
Fig. 2.2e) (Ohnuma et al. 2005; Morimoto et al. 2010), and synthesize spermidine
from agmatine via aminopropylagmatine (a process catalyzed by aminopropyl
transferase and ureohydrolase). The long-chain and branched polyamines are syn-
thesized by the addition of an aminopropyl group donated by dcSAM, and the enzy-
matic addition of the aminopropyl group has been identified recently (Okada et al.
2014). Further details of the key enzymes involved in the synthesis of long-chain
and branched polyamides in thermophiles are given next.
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Fig. 2.2 Intracellular polyamines (a—d) and biosynthetic pathway of polyamines (e) in 7.
kodakarensis. Intracellular polyamines were extracted from 7. kodakarensis KU216 cells grown at
60, 85, and 93 °C and were analyzed by HPLC. The eluted polyamines were labeled with o-phthal-
aldehyde and detected with a fluorescence detector. a Peak standards of chemically synthesized
polyamines; b polyamines extracted from cells grown at 60 °C; ¢ sample from cells grown at
85 °C; d sample from cells grown at 93 °C. P/ putrescine [4], P2 S-adenosyl methylthiopropyl-
amine (decarboxylated S-adenosyl methionine), P3 spermidine [34], P4 agmatine, P5 tris(3-
aminopropyl)amine [3(3)3], P6 spermine [343], P7 N'-aminopropylagmatine (ApAGM),
P8 N*-bis(aminopropyl)spermidine [3(3)(3)4], P9 caldohexamine [33333] used as internal stan-
dard, X7 unknown peak. Asterisks indicate noise created by the buffer. e Compounds highlighted
by shading were detected in the TK0147, TK0882, or TK1691 gene disruptant of 7. kodakarensis.
Bold arrows represent the main pathway for the production of spermidine and N*-bis(aminopropyl)
spermidine in 7. kodakarensis. Pathway I is spermidine biosynthetic pathways found in bacteria
and plants; pathway II is uniquely found in thermophilic bacteria and euryarchaeotal hyperthermo-
philes. Putrescine, spermine, and N*-aminopropylspermine are produced only in vitro by agmatine
ureohydrolase (TK0882), spermidine synthase (TK0147), and branched-chain polyamine synthase
(TK1691), respectively

2.3.1 S-Adenosylmethionine Decarboxylase

The elongation of polyamine is catalyzed by aminopropyl transferase in the pres-
ence of the donor of the aminopropyl group (dcSAM) described above.
S-Adenosylmethionine (SAM) decarboxylase is designated as SpeD. Most SAM
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decarboxylases that produce dcSAM belong to the pyruvoyl-dependent group of
enzymes. These enzymes are expressed as inactive proenzymes that self-cleave at a
serine residue to produce two active subunits (subunits o and ). The NH, terminus
of the serine residue is then converted to a pyruvoyl group by deammoniation (van
Poelje and Snell 1990). SAM decarboxylases have been classified into two groups,
which are in turn each divided into two subgroups according to Bale and Ealick
(2010). Bacterial and archaeal SAM decarboxylases belong to group 1 and the
eukaryotic enzymes belong to group 2. The SAM decarboxylases belonging to
group la (such as those from the gram-negative bacterium Escherichia coli) require
a metal ion for activity whereas those belonging to group 1b (e.g., those from the
gram-positive bacterium Bacillus subtilis) do not require a metal ion. Genes that
code for SAM decarboxylases are found within the genomes of many hyperthermo-
philic microbes (Kim et al. 2000; Giles and Graham 2008). Several studies have
helped elucidate the crystal structures, catalytic activities, and other properties of
SAM decarboxylases from hyperthermophiles, although little is still known about
the expression of the genes that encode these enzymes or what regulates their cata-
lytic activity. Group 1b enzymes are found in the hyperthermophilic bacteria
Thermotoga maritima (TM0655) and Aquifex aeolicus (aq254), and in the hyper-
thermophilic methanogenic archaeon Methanocaldococcus jannaschii (MJ0315)
(Lu and Markham 2004; Bale and Ealick 2010); the active form of these enzymes is
an (af), dimer. SAM decarboxylase from the hyperthemoplic acidophilic archaecon
Sulfolobus solfataricus is a monomeric protein (Cacciapuoti et al. 1991). Although
SAM decarboxylases from mammalian and yeast cells are specifically (and strongly)
activated by putrescine, those from S. solfataricus and M. jannaschii are not altered
by the addition of putrescine or a divalent cation (Cacciapuoti et al. 1991; Kim et al.
2000). The TK1592 gene found in the hyperthermophilic archaeon T. kodakarensis
is an orthologue of MJ0315 and heterologously expressed TK1592 protein in E. coli
forms the (af), complex (unpublished data). TK1592 is expressed over a wide range
of growth temperatures (i.e., from 60 to 93 °C) and is strongly induced at 93 °C. This
increase in expression at high temperatures is likely to increase enhance polyamine
synthesis via an increase in the production of the propylamine donor.

Archaeal arginine decarboxylases are also pyruvoyl-dependent enzymes. Little
structural similarity between arginine decarboxylases and SAM decarboxylases is
found in members of the Euryarchaeota (Fig. 2.3), although there are two para-
logues of the SAM decarboxylase in S. solfataricus, which belong to the
Crenarchaeota (Giles and Graham 2008) and are coded for by the SSO0585 gene
(SAM decarboxylase) and SSO0536 gene (arginine decarboxylase). The SSO0536
gene is not associated with SAM decarboxylase activity, and the SSO0585 gene
does not give rise to arginine decarboxylase activity. However, a chimeric protein
composed of the a-subunit of SSO0536 and the f-subunit of SSO0585 had arginine
decarboxylase activity (Giles and Graham 2008), indicating that residues responsi-
ble for substrate specificity are present in the N-terminal domain. Based on these
results, it is likely that arginine decarboxylase evolved from an SAM decarboxylase
enzyme in members of the Crenarchaeota.
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Fig. 2.3 Phylogenetic tree based on amino acid sequences of S-adenosyl methionine decarboxyl-
ases and arginine decarboxylases. Codes in parentheses are open reading frame (ORF) numbers.
This tree was constructed using the neighbor-joining method provided by DNA Data Bank of
Japan (DDBJ). Bootstrap re-sampling was performed 1,000 times, and only values observed in
more than 50 % of the replicas are shown at branching points. Scale bar indicates one substitution
per 100 amino acids; asterisks indicate hyperthermophiles. /a and /b indicate groups classified by
the previous study (Bale and Ealick 2010). B Bacteria, Ea Euryarcaeota, Ca Crenarchaeota

2.3.2 Arginine Decarboxylase

Arginine decarboxylases, which produce agmatine from arginine, have been divided
into three different types: pyridoxal 5'-phosphate (PLP)-dependent arginine decar-
boxylases and pyruvoyl-dependent arginine decarboxylases. Pyruvoyl-dependent
arginine decarboxylases (PdaD) have been found in the hyperthermophilic Archaea
M. jannaschii (MJ0316) and T. kodakarensis (TK0149) (Graham et al. 2002; Tolbert
et al. 2003; Fukuda et al. 2008). TK0149 forms an (af})s complex whereas MJ0316
forms an (af); complex (Graham et al. 2002; Fukuda et al. 2008), and both enzymes
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catalyze the decarboxylation of arginine, but not that of ornithine or lysine.
A T. kodakarensis mutant that lacked TK0149 was only able to grow in the presence
of agmatine (Fukuda et al. 2008), an essential metabolite in this species. Archaeal
cells use agmatine to synthesize agmatidine, an agmatine-conjugated cytidine found
at the anticodon wobble position of archaeal tRNA" (Ikeuchi et al. 2010). Agmatine
is an essential precursor of both agmatidine and polyamines.

2.3.3 Agmatine Ureohydrolase and Aminopropylagmatine
Ureohydrolase

A biosynthetic pathway that produces spermidine via aminopropylagmatine has
been identified in the thermophilic bacterium Thermus thermophilus (Ohnuma et al.
2005). In T. thermophilus, N'-aminopropylagmatine is synthesized by aminopropyl
transferase encoded by speE (TT0339), and then spermidine is synthesized by N'-
aminopropylagmatine ureohydrolase encoded by speB (TT0338). In hyperthermo-
philic Archaea, the same biosynthetic pathway is proposed, as shown in Fig. 2.2e.
According to genome analysis, the archaeon 7. kodakarensis possesses three homo-
logues of agmatine ureohydrolase (TK0240, TK0474 and TKO0882) (Fukui et al.
2005). Of these, only TK0882 gene disruptants were unable to grow at 85 and
93 °C, but their ability to grow was partially restored when spermidine was exoge-
nously supplied. Intriguingly, agmatine and N'-aminopropylagmatine accumulated
in the cytoplasm of the TK0882 gene disruptant. Purified TK0882 has a 54-fold-
lower K, value for N'-aminopropylagmatine than for agmatine, indicating that it is
a N'-aminopropylagmatine ureohydrolase (SpeB). These results imply that spermi-
dine is usually synthesized from agmatine via N'-aminopropylagmatine. The roles
of TK0240 and TK0474, which may be involved in metabolic activities other than
polyamine synthesis, remain unclear.

2.3.4 Aminopropyl Transferase

Aminopropyl transferases are involved in the elongation of polyamines. The hyper-
thermophilic archaeon Pyrococcus furiosus (which is closely related to Pyrococcus
horikoshii and T. kodakarensis) possesses an enzyme known as PFQ127, which has
aminopropyl transferase activity (Cacciapuoti et al. 2007). PFO127 has a broad sub-
strate specificity and its amine acceptors are agmatine, 1,3-diaminopropane, putres-
cine, cadaverine, and sym-nor-spermidine. Although optimal catalytic activity was
observed with cadaverine (~20-fold higher than that for agmatine), agmatine was
the preferred substrate on the basis of the k., /K, value (~20-fold higher than that for
cadaverine). Spermidine, cadaverine, and sym-nor-spermidine are the primary poly-
amines in P. furiosus, and PFO127 seems to act as an agmatine aminopropyl trans-
ferase in vivo. Aminopropylcadaverine is speculated to be involved in stress
tolerance under unfavorable environmental conditions (Cacciapuoti et al. 2007).



22 W. Fukuda et al.

T. kodakarensis TK0147 has been annotated as a spermidine synthase and shares
sequence identity with PFO127 (Morimoto et al. 2010). The TK0147 gene disrup-
tant accumulated large amounts of agmatine and smaller amounts of putrescine and
showed a slow growth rate at elevated temperatures (of 85 and 93 °C). Purified
recombinant TK0147 possesses a K, value for agmatine that is 427-fold lower than
that for putrescine, suggesting that TKO147 mainly functions as an aminopropyl
transferase in the production of N'-aminopropylagmatine. In T. kodakarensis, sper-
midine is mainly produced from agmatine via N'-aminopropylagmatine by TK0147
and TK0882. The majority of spermidine in this species produced in this way. N*-
Bis(aminopropyl)spermidine was detected in the TK0147 gene disruptant, indicat-
ing that TK0147 does not function as an aminopropyl transferase in the production
of longer branched chain polyamines (Morimoto et al. 2010). Another aminopropyl
transferase has recently been identified in 7. kodakarensis, as described next.

2.3.5 Branched-Polyamine Synthases

An enzyme exhibiting branched-polyamine synthase activity has recently been
identified and named TK1691 (Okada et al. 2014). Recombinantly expressed
TK1691 catalyzes the synthesis of N*-bis(aminopropyl)spermidine from spermi-
dine and dcSAM via N*-aminopropylspermidine [3(3)4]. We tentatively designate
TK1691 as branched-polyamine synthase A (BpsA). TK1691 also produces N*-
aminopropylspermine [3(3)43] from spermine [343]. Sequence comparisons using
database sequences compiled from various microorganisms indicate that TK1691
and its orthologues are distinct from other known aminopropyl transferases that
produce thermospermine, spermidine, and spermine. TK1691 and its orthologues
are characterized by a conserved region that recognizes dcSAM aminopropyl but
lack the general polyamine-binding motif found in spermidine synthases and sperm-
ine synthases. Furthermore, TK1691 orthologues have been identified in both
archaeal and bacterial hyperthermophiles (Fig. 2.4). By contrast, aminopropyl
transferases that produce spermidine, thermospermine, and spermine, spermidine/
spermine synthase homologues including E. coli SpeE and T. kodakarensis TK0147,
have been identified in various organisms. In the phylogenetic tree, we classified
aminopropyl transferases into four groups. One of these groups, tentatively desig-
nated as group A, contains the thermophilic TK1691 orthologues (P. furiosus
PF1111, Methanotorris igneus Metig0730, T. thermophilus TTHA0539). The other
group, group B, contains TK0147 orthologues (E. coli SpeE, Aquifex aeolicus
aq062, P. furiosus PF0127). Several other aminopropyl transferases have been
annotated as thermospermine synthases and designated as aminotransferase group
C:Igni0633 from Ignicoccus hospitalis, Hbut0057 and Hbut0383 from Hyperthermus
butylicus, and At5g19530 from Arabidopsis thaliana (Knott et al. 2007; Knott
2009). Phylogenetic analyses suggest that there are several types of aminopropyl
transferases. As indicated in the tree for M. jannaschii, one of the archaeal hyper-
thermophiles has two TK1691 orthologues, MJ1273 and MJ0675. MJ1273 shows
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Fig. 2.4 Phylogenetic tree based on amino acid sequences of aminotransferases was constructed
according to the method used to construct the tree in Fig. 2.3

high homology to TK1691 and belongs to aminopropyl transferase group A. MJ1273
is assumed to be the enzyme responsible for the synthesis of branched-chain poly-
amines. In contrast, MJO675 is located on the different branch of the tree and has
been tentatively designated as belonging to group D. MMP1657 and Maeo(0142
from Methanococcus maripaludis and Methanococcus aeolicus, respectively, have
homology to MJ0675 and are predicted to be RNA methylases. Methyltransferases
transfer a methyl group from SAM to an acceptor, and these enzymes and amino-
propyl transferases are thought to be derived from a common ancestral protein.
Based on these results, TK1691 appears to be a hitherto uncharacterized aminopro-
pyl transferase involved in the synthesis of branched-chain polyamines.

2.4 Conclusion

Polyamines are important, physiologically active substances in microbial cells. For
thermophilic species, the intracellular concentrations of long-chain and branched
polyamines are higher than in other organisms and are important for growth at high
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temperatures. Although the biosynthesis of branched polyamines is stimulated by
high temperature, the molecular mechanisms by which this occurs have yet to be
characterized. Further studies are needed to elucidate the roles of long-chain and
branched polyamines in hyperthermophiles (see also Chap. 12).
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Chapter 3
Regulation and Diversity of Polyamine
Biosynthesis in Plants

Taku Takahashi and Wurina Tong

Abstract In higher plants, the main route for putrescine synthesis may be from
arginine. Higher accumulation of putrescine under biotic and abiotic stress condi-
tions is attributed at least in part to stress-inducible expression of arginine decarbox-
ylase genes. Regulation of spermidine synthesis involves translational control of
the S-adenosylmethionine decarboxylase mRNA, which is responsive to cellular
polyamine levels. Genes encoding S-adenosylmethionine decarboxylase and sperm-
ine synthase are also responsive to environmental stimuli or show preferential
expression in certain organs. Stress-inducible expression of these genes involves
plant hormone signaling of abscisic acid (ABA) or methyl jasmonate (MeJA).
Thermospermine synthase is widely distributed in the plant kingdom but has a
unique role in the repression control of xylem differentiation in higher plants.
Expression of the gene for thermospermine synthase is under negative feedback
control by thermospermine. Putrescine, spermidine, and cadaverine are also essen-
tial precursors for alkaloid biosynthesis in some plant species. Polyamines occur in
various aspects of plant growth as a conjugated form with cinnamic acids and pro-
teins. Genes responsible for these conjugations have been increasingly identified.

Keywords ABA e Arabidopsis * Auxin ®* MeJA ¢ Plant hormone ¢ Transcription
factor * Translation ¢ Xylem

3.1 Introduction

A number of early studies on plant polyamines have documented that increased
biosynthesis of polyamines is associated with the growth, regeneration, and
responses to external environmental stimuli of plants (Flores and Galston 1982;
Evans and Malmberg 1989; Galston and Sawhney 1990; Kumar et al. 1997). Detailed
information on plant polyamine physiology and biochemistry has previously been
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compiled (Slocum and Flores 1991). More recently, molecular genetic studies using
transgenic plants with altered polyamine biosynthesis and those using mutants that
are defective in polyamine biosynthesis, especially in a model plant system,
Arabidopsis thaliana, have provided convincing evidence that polyamines act as
critical modulators of various physiological processes during plant growth and
development (Kusano et al. 2008; Alcazar et al. 2010; Takahashi and Kakehi 2010).
In Arabidopsis, whose whole genome sequence has been determined and all poly-
amine biosynthetic genes have been identified (Table 3.1), some of these genes are
responsive to specific stress conditions and plant hormones or show tissue-specific
expression. However, because of their versatile nature as small polycations, ability
to neutralize negative charges, and ubiquitous distribution in plant cells including
the cytoplasm, vacuoles, chloroplasts, and mitochondria, understanding of the func-
tion of polyamines in plant cells is still far from complete.

The cellular content of the three major polyamines putrescine, spermidine, and
spermine differs among species, with putrescine and spermidine being particularly
abundant and spermine less abundant in plant cells. It has also been suggested that
putrescine is a negative regulator whereas spermidine and spermine are positive
regulators of cellular amino acid metabolism (Mattoo et al. 2010). Additionally,
although being much less abundant, thermospermine, a structural isomer of sperm-
ine, is widely detected in the plant kingdom and likely functions as a plant hormone
in higher plants (Takano et al. 2012). In this chapter, we focus on the regulation of
polyamine biosynthesis with reference to their cellular function in higher plants.

Table 3.1 List of polyamine biosynthetic genes in Arabidopsis

Catalytic function Gene name Gene ID Factors that enhance expression
Arginine decarboxylase ADCI At2g16500 | Cold
ADC2 At4g34710 | Drought, osmosis, salt, wounding,
cold, ABA, MeJA
K* deficiency, bacterial pathogen
Agmatine iminohydrolase | AIH At5g08170
N-Carbamoylputrescine CPA At2g27450
amidohydrolase
Arginase ARGAHI At4g08900
ARGAH?2 At4g08870 | MeJA, pathogen
S-Adenosylmethionine SAMDC1 At3g02470
decarboxylase SAMDC?2 At5g15950 | Cold, heat shock
SAMDC3 At3g25570
SAMDC4/BUD2 | At5g18930 | Thermospermine depletion, auxin
Spermidine synthase SPDS1 At1g23820 | Drought, ABA
SPDS2 Atlg70310 | Cytokinin
Spermine synthase SPMS At5g53120 | Drought, ABA, heat shock
Thermospermine synthase | ACLS At5g19530 | Thermospermine depletion, auxin
Deoxyhypusine synthase | DHS At5g05920
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3.2 Putrescine Biosynthesis

Putrescine is important not only as an essential substrate for the synthesis of higher
polyamines but also as a stress signal molecule. Putrescine is synthesized from argi-
nine or ornithine (Fig. 3.1). Although the conversion of ornithine to putrescine by
ornithine decarboxylase (ODC), namely the ODC pathway, is a rate-limiting step
for polyamine synthesis in animals and fungi, the arginine decarboxylase (ADC)
pathway may be a primary route for putrescine synthesis in plants. In the ADC path-
way, arginine is converted to agmatine by ADC and agmatine is then converted to
putrescine via an N-carbamoylputrescine intermediate by two-step reactions involv-
ing agmatine deiminase/iminohydrolase (AIH) and N-carbamoylputrescine ami-
dase/amidohydrolase (CPA). The gene that was initially identified as a nitrilase-like
protein and named NLP] in Arabidopsis has been shown to encode CPA, and NLP1/
CPA expression is detected in all organs investigated (Piotrowski et al. 2003). The
AIH gene has also been identified in Arabidopsis (Illingworth et al. 2003; Janowitz
et al. 2003). Comparison of genome sequences suggests that the ADC pathway in
plants was inherited from the cyanobacterial ancestor of the chloroplast (Illingworth
et al. 2003), but single-celled green algae have lost the ADC pathway and are depen-
dent on the ODC pathway as are other eukaryotes, although the moss Physcomitrella
patens and some higher plant species have lost ODC (Fuell et al. 2010).
The Arabidopsis genome contains no gene for ODC (Hanfrey et al. 2001) but has

arginine lysine
ARGAH
lADC \ l LDC
agmatine ornithine cadaverine
l AlH NCsN
) obc
N-carbamoylputrescine
\CPA pvT . N-methyl putrescine
. NCaNC
AdoMet putrescine
l AdoMetDC/SAMDC NCaN homospermidine
SPDS lisg  NCeNCaN
dcAdoMet . L.
NC3SC \ spermidine 1,3-diaminopropane
adenosine NC4NCsN NC:N
DHS
spms\l TSPMS deoxyhypusine
spermine thermospermine NCaNC4-elFSA precursor
NC3NC4NCs3N NCaNC3NCsN

Fig. 3.1 Polyamine biosynthetic pathways in plants. Aminopropyl and aminobutyl groups in poly-
amines are shown as NC, and NC;, respectively
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two genes for ADC, ADCI and ADC2. Although both two genes are responsive to
cold treatment (Hummel et al. 2004; Cuevas et al. 2008), ADC?2 expression is highly
induced by various abiotic stresses such as dehydration, mechanical wounding, high
salinity, and K* deficiency (Soyka and Heyer 1999; Pérez-Amador et al. 2002;
Urano et al. 2003, 2004; Armengaud et al. 2004). Most of these responses are medi-
ated by abscisic acid (ABA), a major plant hormone mediating the adaptation to
stress, and wounding involves methyl jasmonate (MeJA) signaling. The ADC2 pro-
moter contains several ABA-responsive elements (ABREs), and its response to
dehydration is ABA dependent (Alcdzar et al. 2006a, b). ADC2 expression is also
increased by bacterial pathogen infection (Kim et al. 2013), indicating a protective
role of putrescine against both biotic and abiotic stresses. The double-knockout
mutant of ADCI and ADC2 has been shown to be lethal at the embryo stage (Urano
et al. 2005), indicating that putrescine is essential for plant survival. In cacao, both
ADC and ODC genes are responsive to drought, wounding, and pathogen infection
(Bae et al. 2008). These genes in tobacco are upregulated by MeJA treatment
(Biondi et al. 2001), but in rice OsADCI expression and the free putrescine content
are significantly reduced by MeJA (Peremarti et al. 2010), suggesting different
responses between plant species.

Arginine is also hydrolyzed to produce ornithine and urea by arginase, which is
also known as arginine amidohydrolase (ARGAH; Fig. 3.1). Although the ARGAHs-
knockout mutant of Arabidopsis accumulates significantly increased levels of poly-
amines and nitric oxide (NO) and further shows enhanced tolerance to multiple
abiotic stresses such as drought, high salt, and freezing, ARGAH-overexpressing
lines exhibit reduced tolerance to these stresses and reduced levels of polyamines
and NO (Shi et al. 2013), suggesting the importance of arginine metabolism in the
control of polyamine and NO levels and the stress response in Arabidopsis. ARGAH?2
expression is induced following MeJA treatment (Brownfield et al. 2008) and inocu-
lation with the necrotrophic pathogen (Brauc et al. 2012).

It is known that enzyme activities of ODC and ADC are inhibited by difluoro-
methylornithine (DFMO) and difluoromethylarginine (DFMA), respectively. Many
experiments have examined the physiological effect of these inhibitors on the plant
growth and the biosynthesis of polyamines. However, some of the data are still dif-
ficult to interpret. The outcome of in vivo experiments using these inhibitors should
be carefully evaluated because they may have unexpected side effects (Smith 1990).

3.3 Spermidine Biosynthesis

Spermidine is synthesized from putrescine by the transfer of an aminopropyl group
from decarboxylated S-adenosylmethionine (dcSAM), a reaction catalyzed by sper-
midine synthase (SPDS; Fig. 3.1). In the Arabidopsis genome, because of the pres-
ence of numerous large duplicated segments in chromosomes (Vision et al. 2000),
there are also two genes encoding SPDS, SPDSI and SPDS2. A single-knockout
mutant of either SPDS1 or SPDS2 shows no obvious phenotype, but the double mutant
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Fig. 3.2 Mature embryos in
the wild-type (Col-0) and
spdsl spds2 double-mutant
seed of Arabidopsis

Wild type spds1 spds2

of these two genes is lethal during seed development, indicating that spermidine is
essential for survival of embryos (Imai et al. 2004b) (Fig. 3.2). Expression of these
genes is detected in all organs examined and SPDS2 is moderately upregulated by
cytokinin (Hanzawa et al. 2002), whereas SPDS] is highly induced by drought stress
in an ABA-dependent manner (Alcazar et al. 2006a). Neither of these genes is down-
regulated by external spermidine (Kakehi et al. 2010).

SPDS activity is inhibited by a competitive inhibitor cyclohexylamine (CHA). In
early studies on plant polyamines, treatments of thin-layered tissue cultures of
tobacco with CHA have been shown to inhibit floral initiation but to be reversed by
spermidine application (Kaur-Sawhney et al. 1988). On the other hand, CHA treat-
ment results in a drastic increase in the level of purescine but has little or no effect
on the level of spermidine and spermine in other plant systems such as the vegeta-
tive organs of Arabidopsis (Stes et al. 2011) and germinating pollen of kiwifruit
(Scoccianti et al. 2013).

Because the biosynthesis of spermidine and higher polyamines by aminopropyl
transferases utilizes dcSAM as an aminopropyl donor, the production of dcSAM by
the action of S-adenosylmethionine decarboxylase (AdoMetDC/SAMDC) is a key
step in polyamine production (Fig. 3.1). Overexpression of the Datura AdoMetDC/
SAMDC cDNA in transgenic rice has been shown to cause an increase in the level of
spermidine in leaves and also that of spermine in seeds (Thu-Hang et al. 2002). There
are many reports indicating that the level of polyamines, especially that of spermi-
dine, is increased during pollen germination and tube growth. In accordance with this
phenomenon, increased expression of AdoMetDC/SAMDC genes has been observed
in germinating pollens of some plants, such as tomato (Song et al. 2001) and kiwi-
fruit (Antognoni and Bagni 2008). Expression of an AdoMetDC/SAMDC gene is
upregulated by MeJA treatment of tobacco thin-layer explants (Biondi et al. 2001).
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In mammals, spermidine and spermine negatively regulate the translation of
AdoMetDC/SAMDC with a small upstream open reading frame (uORF) of its
mRNA that encodes a conserved hexapeptide, ‘MAGDIS’ (Hill and Morris 1993;
Ruan et al. 1996). A similar homeostatic circuit has been found in the AdoMetDC/
SAMDC translation in Arabidopsis (Hanfrey et al. 2005; see Chap. 9). The
Arabidopsis genome contains four genes encoding AdoMetDC/SAMDC, among
which AdoMetDC/SAMDCI and AdoMetDC/SAMDC? contain a highly conserved
pair of overlapping uORFs (Franceschetti et al. 2001). These overlapping uORFs
are also present in the 5’-leader sequence of AdoMetDC/SAMDC in monocots and
gymnosperms, suggesting a conserved regulatory mechanism of the AdoMetDC/
SAMDC translation (Franceschetti et al. 2001).

AdoMetDC/SAMDC activity is competitively inhibited by methylglyoxal
bis(guanylhydrazone) (MGBG). However, although there is much evidence show-
ing that MGBG negatively affect plant growth and development, its specificity is
also questioned. A study suggests that MGBG can have a negative effect on plant
growth by enhancing, rather than by reducing, the cellular polyamine pool
(Scaramagli et al. 1999).

The aminopropyl transfer from dcSAM results in the release of 5’-methylthio-
adenosine (MTA), which is rapidly metabolized and recycled to the SAM precursor
methionine in a cyclic pathway known as the methionine salvage cycle (Sauter et al.
2013). MTA is also released from SAM in the biosynthesis of ethylene and nicoti-
anamine and considered a toxic metabolite because of product inhibition. A study has
shown that MTA affects the synthesis of polyamines (Waduwara-Jayabahu et al. 2012).

Spermidine is an essential precursor for deoxyhypusine synthesis, and the abso-
lute requirement for spermidine may be attributed at least to its role as an aminobu-
tyl donor for the hypusine modification of the eukaryotic translation initiation factor
5A (elF5A; see Chap. 10). Deoxyhypusine synthase (DHS) catalyzes transfer of the
aminobutyl moiety of spermidine to the e-amino group of highly conserved
lysine-50 in the eIF5A precursor protein (Fig. 3.1). The deoxyhypusine-eIF5A is
further converted to the active hypusine-eIF5A, which is essential for the transport
of newly transcribed mRNAs from nucleus to cytoplasm (Chattopadhyay et al.
2003). A mutant of the DHS gene in Arabidopsis is female gametophyte lethal and
cannot be homozygous diploid (Pagnussat et al. 2005).

The aminobutyl moiety of spermidine is also transferred to putrescine by the
action of homospermidine synthase (HSS; Fig. 3.1). The resulting homospermidine
is an essential precursor in the biosynthesis of pyrrolizidine alkaloids that serve as
defense compounds against insect predators and occur in a number of families
including Asteraceae, Boraginaceae, and Orchidaceae (Ober et al. 2003). A high
degree of sequence identity between DHS and HSS genes suggests that HSS evolved
by gene duplication from DHS (Ober and Hartmann 1999), which may have
occurred at least four times in separate angiosperm lineages (Reimann et al. 2004).

In parallel with conversion to spermidine, putrescine also serves as a substrate
for the biosynthesis of tropane alkaloids such as nicotine, scopolamine, and cocaine
in the nightshade family (Solanaceae). They function in deterring herbivores
(Nathanson et al. 1993). Putrescine N-methyltransferase (PMT) is the first specific
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enzyme of the synthesis of these alkaloids (Fig. 3.1), and the overall similarity
between PMT and SPDS suggests the evolutionary origin of PMT from ubiquitous
SPDS (Hashimoto et al. 1998, see Chap. 17). Furthermore, PMT activity has shown
to be generated by genetically exchanging few amino acids of the recombinant
SPDS protein from Datura and Arabidopsis (Junker et al. 2013).

3.4 Spermine Biosynthesis

Spermidine is further converted to spermine by the action of spermine synthase
(SPMS; Fig. 3.1). The arrangement of exons and introns and the size of each exon
are almost completely conserved between SPDS and SPMS gene families in plants
but are far different from those of animals and fungi, suggesting that SPMS has
evolved from SPDS independent from that of animals and fungi (Minguet et al.
2008; Shao et al. 2012). No genes for SPMS are found in ferns, mosses, and algae
(Minguet et al. 2008; Pegg and Michael 2010). Monocot SPMS genes contain an
additional exon that encodes a PEST-rich region at the C-terminus, which might be
involved in the control of SPMS protein degradation in monocots (Rodriguez-
Kessler et al. 2010). Because the knockout mutant of SPMS in Arabidopsis displays
wild-type morphology under normal growth condition, spermine is not essentially
required for survival (Imai et al. 2004a). However, the mutant is more sensitive to
drought and salt stresses than the wild type (Yamaguchi et al. 2007). In accordance
with this mutant phenotype, SPMS expression in Arabidopsis seedlings is increased
by treatments with ABA (Hanzawa et al. 2002). Similarly, expression of the maize
SPMS gene, formerly named ZmSPDS2 (Rodriguez-Kessler and Jiménez-Bremont
2008), is upregulated by ABA (Jiménez-Bremont et al. 2007). The increase in the
level of spermine by ABA has also been found in other plants, such as grass pea
(Xiong et al. 2006) and wheat (Kovics et al. 2010). In addition, a study on the heat-
shock response in Arabidopsis shows that SPMS and SAMDC2 are induced at the
earliest stage of heat-shock treatment, followed by the induction of ADC2 and the
increase in spermine content (Sagor et al. 2013).

A previous work in Arabidopsis has shown that both SPDS1 and SPDS2 physi-
cally interact with SPMS and form a polyamine metabolon, a multiprotein complex
assembly, which is probably responsible for efficient production of spermine
(Panicot et al. 2002). A more recent study has suggested that these heterodimer
complexes take place preferentially inside the nucleus (Belda-Palazén et al. 2012).

3.5 Thermospermine Biosynthesis

Thermospermine was first discovered in thermophilic bacteria (Oshima 2007) (see
Chap. 2). In plants, aminopropyl transferase activities responsible for biosynthesis
of thermospermine as well as longer polyamines have been detected in alfalfa
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Fig. 3.3 Thirty-five-day-old
plants of the wild type (Ler)
and acl5 mutant of
Arabidopsis

Wild type acl5

(Bagga et al. 1997). On the other hand, an Arabidopsis mutant that displays excess
differentiation of xylem vessels and severe dwarfism was isolated and named acau-
lis5 (acl5) after its no-stem phenotype (Hanzawa et al. 1997, Fig. 3.3). Although the
gene responsible for the acl5 phenotype was initially misidentified as encoding
SPMS (Hanzawa et al. 2000), it was later proved to encode thermospermine syn-
thase (TSPMS) (Knott et al. 2007; Kakehi et al. 2008). ACL5/TSPMS-like genes are
widely distributed in the plant kingdom, including diatoms, water molds, brown
algae, green algae, mosses, liverworts, ferns, and gymnosperms, but are not found
in animals and fungi (Knott et al. 2007; Pegg and Michael 2010; Takano et al. 2012).
A phylogenetic study suggests that TSPMS was acquired by an ancestor of the plant
lineage through horizontal gene transfer from Archaea or Bcteria (Minguet et al.
2008). Alternatively, it is also suggested that TSPMS was transferred from the cya-
nobacterial ancestor of the chloroplasts to the host nucleus (Fuell et al. 2010).

The content of thermospermine in individual plants is several fold lower than
that of spermine in Arabidopsis (Naka et al. 2010; Rambla et al. 2010), mainly
because ACL5/TSPMS expression is sharply limited to xylem precursor cells during
vascular formation (Clay and Nelson 2005; Muiiiz et al. 2008). Because the mutated
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acl5/tspms transcript level in the acl5 mutant is much higher than the ACL5/TSPMS
transcript level in the wild type (Hanzawa et al. 2000) and ACL5/TSPMS expression
is drastically reduced by thermospermine treatment (Kakehi et al. 2008), ACL5/
TSPMS appears to be under negative feedback control by thermospermine. Although
its molecular mechanism remains unknown, a basic helix-loop-helix (bHLH) tran-
scription factor SACS51 has been suggested to be involved in the repression of ACL5/
TSPMS expression (Imai et al. 2006). SAC51 was identified as a gene responsible
for a dominant mutant sac57-d, which completely suppresses the acl5 phenotype
and reverses the acl5 transcript level without thermospermine. In sac51-d, one of
the uORFs present in the SAC5/ mRNA contains a premature stop codon and the
SACS]1 protein may be overproduced, suggesting a role of thermospermine in over-
coming the inhibitory effect of the uORF on the main ORF translation. Another
dominant suppressor sac52-d, which contains a point mutation in a ribosomal pro-
tein L10 (RPLI0) gene, has also been shown to enhance SACS5]1 translation and
reverse the acl5 transcript level (Imai et al. 2008).

Arabidopsis ACL5/TSPMS expression is enhanced by auxin, a plant hormone
essential for growth (Hanzawa et al. 2000). Auxin also plays a key role in the onset
of vascular formation. In Arabidopsis, the auxin signaling for procambial cell
initiation is triggered by activation of one of auxin response factors (ARFs),
MONOPTEROS (MP)/ARF5 (Hardtke and Berleth 1998). Although the promoter
region of ACLS contains a putative auxin-responsive element (AuxRE), which is
targeted by ARFs (Hanzawa et al. 2000), it remains to be determined whether
ARF5/MP or other ARFs bind to this element. There is increasing evidence show-
ing that thermospermine modulates auxin signaling by locally or temporarily alter-
ing auxin flow and negatively regulates xylem development (Yoshimoto et al. 2012a,
b; Tong et al. 2014). In poplar, overexpression of an ACL5 homologue has a nega-
tive effect on auxin accumulation and expression of the class III homeodomain leu-
cine zipper (HD-Zip III) transcription factor gene PttHBS8 (Milhinhos et al. 2013).
Its Arabidopsis homologue ATHBS is induced by auxin and plays a critical role in
procambial cell differentiation (Baima et al. 2001). The fact that upregulation of
P1tHBS8 enhances poplar ACL5 expression suggests that HD-Zip III transcription
factors positively regulate ACLS5 expression (Milhinhos et al. 2013). Taken alto-
gether, it is suggested that auxin-induced thermospermine synthesis is integrated in
a negative feedback loop controlling proliferation of cells that are destined to
become xylem vessels and to die in higher plants (Takano et al. 2012; Yoshimoto
et al. 2012b; Tong et al. 2014). However, as this specified function of thermosper-
mine should be adapted only to vascular plants, the function of thermospermine in
nonvascular plants such as mosses and algae remains an open question.

Although less severe than acl5, the knockout mutant of SAMDCA4 also exhibits a
dwarf phenotype (Ge et al. 2006). Among four genes for AdoMetDC/SAMDC in
Arabidopsis, only SAMDC4 shows an expression pattern similar to that of ACLS,
that is, preferential expression in vascular cells, upregulation by auxin (Cui et al.
2010), and downregulation by thermospermine (Kakehi et al. 2008). Moreover, the
dwarf phenotype of samdc4 is suppressed in sac51-d samdc4 and sac52-d samdc4
double mutants (Tong, unpublished data) (Fig. 3.4). These results suggest that
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bud2 Wild type bud2 bud2
sac51-d sac52-d

Fig. 3.4 Forty-day-old plants of the wild type (Col-0) and bud2, bud?2 sac51-d, and bud2 sac52-d
mutants of Arabidopsis The semi-dwarf phenotype of bud2, a knockout mutant of SAMDC4, is
suppressed by dominant suppressors of acl5, sac51-d, and sac52-d

SAMDCH is specialized for the synthesis of thermospermine. In contrast to the other
three SAMDC genes, SAMDC4 has no uORF and no intron, suggesting its distinct
evolutionary origin. Further phylogenetic studies are needed to clarify the relation-
ship between AdoMetDC/SAMDC and each aminopropyl transferase.

3.6 Cadaverine Generated by Lysine Decarboxylation

Cadaverine, another diamine detected in many organisms, is generated from lysine
through the action of lysine decarboxylase (LDC; Fig. 3.1). Although known as a
catabolite produced by protein hydrolysis during putrefaction in animal tissues,
cadaverine occurs in the plant families Leguminosae, including soybean and chick-
pea (Lin et al. 1984; Torrigiani and Scoccianti 1995), and Solanaceae, including
tobacco and tomato (Bagni et al. 1986). In these plants, cadaverine is an important
intermediate in the biosynthesis of lysine-derived alkaloids such as piperidine,
quinolizidine, indolizidine, and lycopodium alkaloids. Although plant LDCs form a
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phylogenetically different subclade from the ODC family, recombinant LDCs from
plants of Leguminosae have been shown to catalyze the decarboxylation of both
lysine and ornithine (Bunsupa et al. 2012). Plant LDCs are localized in chloroplasts.
In the embryonic axes of soybean, cadaverine content markedly increases immedi-
ately after germination and has been implicated in normal root development
(Gamarnik and Frydman 1991).

3.7 Uncommon and Longer Polyamines

Uncommon and longer polyamines are present in some plant species. Norspermidine
and norspermine were detected in alfalfa (Rodriguez-Garay et al. 1989) and maize
(Koc et al. 1998), and the occurrence of these polyamines has suggested the pres-
ence of 1,3-diaminopropane as a precursor and the involvement of nonspecific ami-
nopropyl transferases. It is now clear that diaminopropane is produced through
oxidation of spermidine and spermine by a terminal catabolic type of polyamine
oxidase (PAO) found in monocotyledonous plants (Cona et al. 2006) (see Chap. 6).
1,3-Diaminopropane is also produced as a side product of DHS and HSS reactions
(Ober and Hartmann 1999) (Fig. 3.1). In prokaryotes, there are some examples of
aminopropyl transferases with broad substrate specificity (Knott 2009) (see Chap.
2). SPDS with relaxed substrate specificity could explain the occurrence of norsper-
midine. Because norspermine can be formed by the addition of a third propylamine
group to either terminus of the two propylamine groups of norspermidine, TSPMS
is a more likely candidate for norspermine synthase than SPMS. Furthermore, the
longer polyamines homocaldopentamine and homocaldohexamine are detected in
extracts from osmotic stress-tolerant cultivars of alfalfa (Bagga et al. 1997); these
can be formed successively from thermospermine. Although the possibility cannot
be excluded that certain plant species possess as yet uncharacterized aminopropyl
transferases for uncommon polyamines, it is possible that the substrate specificity
of SPDS or TSPMS can be modulated under certain conditions. Functions of
uncommon polyamines in plants remain to be addressed in future research.
The dwarf phenotype of the Arabidopsis acl5 mutant has been shown to be recov-
ered by norspermine more efficiently than by thermospermine (Kakehi et al. 2010).

3.8 Conjugated Polyamines

Plant polyamines are found not only as free forms but also as perchloric acid (PCA)-
soluble or PCA-insoluble conjugates with cinnamic acids such as p-coumaric, caf-
feic, and ferulic acids. Previous studies have shown that polyamine conjugates are
highly accumulated by MeJA treatment, for example, in Hyoscyamus root cultures
and tobacco thin layers (Biondi et al. 2000, 2001). These conjugates, which are
known as hydroxycinnamic acid amides (HCAA) and are also termed phenolamides
or phenylamides, have been implicated in promoting flowering, protecting against
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pathogens, detoxifying phenolic compounds, acting as a bridge between different
cell wall polymers, or serving as a reserve of polyamines that are available to
actively proliferating tissues (Martin-Tanguy 1985; Bagni and Tassoni 2001;
Bassard et al. 2010). The structure of spermidine-HCAA resembles microbial iron-
chelating siderophores, suggesting that they act as antimicrobials and phytochela-
tins (Fuell et al. 2010). Genes encoding spermidine disinapoyl transferase (SDT)
and spermidine dicoumaroyl transferase (SCT) were identified in Arabidopsis (Luo
etal. 2009). SDT and SCT are highly expressed in developing embryos and root tips,
respectively. In addition, an anther tapetum-specific gene encoding spermidine
hydroxycinnamoyl transferase (SHT) was cloned from Arabidopsis (Grienenberger
et al. 2009). In tobacco, genes responsible for the biosynthesis of caffeoylputres-
cine, dicaffeoylspermidine, and probably monoacylated spermidines are induced
through the activation of the MYBS transcription factor in response to herbivore
attack (Kaur et al. 2010; Onkokesung et al. 2012).

Polyamines can be also covalently bound to glutamine residues of proteins by the
action of transglutaminase (TGase). The widespread occurrence of TGase activity in
all plant tissues suggests the significance of inter- or intramolecular crosslink forma-
tion of the proteins by polyamines (Serafini-Fracassini and Del Duca 2008). In chloro-
plasts, TGases may stabilize the photosynthetic protein complexes (Serafini-Fracassini
et al. 2010). The level of conjugated polyamines and the TGase activity increase in
pummelo (Citrus grandis) pistils in concomitance with pollen tube arrest, suggesting
their involvement in self-incompatibility response (Gentile et al. 2012).

3.9 Conclusions

One unique feature of plant polyamines is the widespread occurrence of thermosper-
mine. In contrast to animals, algae and lower plants such as mosses and ferns contain
thermospermine but no spermine, suggesting compatible roles. However, the role of
thermospermine in plant development cannot be replaced by spermine. The mode of
action specific to thermospermine remains to be elucidated in future studies.

There are increasing studies suggesting the importance of covalently bound
polyamines. However, the genetic research on polyamine acyltransferases and
TGases is still far from complete, and further studies are certainly needed to address
their functional significance. Further search for and identification of uncommon or
longer polyamines might lead to medical and biotechnological benefits.
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